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ABSTRACT 

We report the detection of radio recombination line emission (RRL) using 
the Arecibo Observatory at X-band (9 GHz, 3 cm) from 37 previously unknown 
Hn regions in the Galactic zone 66° > i > 31° and \b \ < 1°. This Arecibo 
Hn Region Discovery Survey (Arecibo HRDS) is a continuation of the Green 
Bank Telescope (GBT) HRDS. The targets for the Arecibo HRDS have spatially 
coincident 24 /im and 20 cm emission of a similar angular morphology and extent. 
To take advantage of Arecibo's sensitivity and small beam size, sources in this 
sample are fainter, smaller in angle, or in more crowded fields compared to those 
of the GBT HRDS. These Arecibo nebulae are some of the faintest Hn regions 
ever detected in RRL emission. Our detection rate is 58%, which is low compared 
to the 95% detection rate for GBT HRDS targets. We derive kinematic distances 
to 23 of the Arecibo HRDS detections. Four nebulae have negative LSR velocities 
and are thus unambiguously in the outer Galaxy. The remaining sources are at 
the tangent point distance or farther. We identify a large, diffuse Hn region 
complex that has an associated Hi and 13 CO shell. The ~90 pc diameter of the 
G52L nebula in this complex may be the largest Galactic H n region known, and 
yet it has escaped previous detection. 

Subject headings: Galaxy: structure - ISM: Hn regions - radio lines: ISM - 
surveys 

1. Introduction 

H ii regions are the zones of plasma surrounding massive OB stars. Because such stars 
only live for a few Myr, Hn regions are clear indicators of ongoing massive star formation. 
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They are luminous objects at radio and infrared (IR) wavelengths and can be seen across 
the entire Galactic disk. Despite much effort, the census of Galactic Hn regions is still 
incomplete. A complete census of Galactic Hn regions is important if we are to use these 
nebulae to trace Galactic structure, to determine the Galactic high-mass star formation rate, 
and to characterize the Galactic Hn region population as a whole. 

Radio emission from H n regions is dominated by two emission mechanisms. H n region 
plasma emits radio continuum emission from thermal Bremsstrahlung. Recombining elec- 
trons and nuclei in the plasma produce recombination line emission, which is observable from 
optical to radio wavelengths. Most surveys of H n regions over the past few decades were con- 
ducted using radio recombin ation line (RRL) emission, and the targets were identified from 



radio continuum map s (e.g., iReifenstein et al.l Il970l ; IWilson et al.lll970t ICaswell &: Haynes 



19871 ; lLockmanlll989l ). Measuring a RRL gives a radial velocity that, when c ombined with 



a mo del of Galactic rotation, can be used to derive a kinematic distance (e.g. IWilson et al. 



1970). 



Dust in the Hn re gion emits in the IR, espec ially the mid- to far-IR. This was demon- 
strated conclusively by IWood fc Churchwelll (Il989l ) who measured radio continuum emission 
from ultra-compact Hn regions spatially coincident with IRAS point sources. The combi- 
nation of infrared and radio continuum emission strongly indicates that a source is emitting 
thermally, i.e., it is an Hn re gion or a planetary nebula (PN) and not a super nova remnant 
or an active galactic nucleus (IHaslam &: Osborneill987l ; iBroadbent et al.lll989l). More recent 



RRL surveys of H i t regions used IR data to identify candid ate targets (lAraya et al.l 12002 
Watson et al] 120031 : ISewilo et allbooi Anderson etaDboilh . 



The Hn Region Discovery Survey (HRDS) is an ongoing census program that aims to 
locate and measure the RRL emission from as many Galactic H 11 regions as possible. In the 
Green Bank Telescope (GBT) HRDS, we detected the RRL and continuum emission from 
448 previously unknown Galactic H 11 regions at X-band (9 GHz, 3 cm). This ce n sus d oubles 
the number of known H 11 regions over the Galac tic zone studied . iBania et al.l ( 120101 . here- 
after Paper I) described the GBT HRDS survey. I Anderson et al.l (120 111 , her eafter Paper II) 



gave th e GBT HRDS methodology and provided the HRDS source catalog. Anderson et al. 



(j2012al . hereafter Paper III) derived kinematic distances to a large fraction of the GBT HRDS 
sample. T. Wenger, et al. (2012, in prep.), will give the properties of the helium and carbon 
RRLs detected in the GBT HRDS nebulae. 

Here we report the discovery of 37 previously unknown Hn regions found by detecting 
RRL emission from targets using the Arecibo telescope at X-band (9 GHz, 3 cm). With ~ 9 
times the collecting area of the GBT, Arecibo has a higher sensitivity. Its beam is nearly 
three times smaller than that of the GBT. These factors make it possible for Arecibo to find 
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Hn regions that are fainter and smaller than GBT HRDS targets or are located in confused 
regions of the Galaxy. 



2. Target Sample 

We define the Arecibo target sample in the same way as for the GBT HRDS, searching 
by eye for spatial coincidences between mid-infrared (MIR) and radio continuum sources. 
Sources with spatially coincident MIR and radio continuum emission are likely to be ther- 
mal emitters; the 95% detection rate of the GBT HRDS targets so defined confirms this. 



We use Syitzer MIPSGAL data (lOarev et all 120091 ) for the MIR and both 20 cm MAGPIS 



flHelfand et al.ll200q ) and 21cm VLA Galactic Plane Survey data (VGPS; IStil et alJl200q ) 
for the radio. MAGPIS has an angular resolution of ~ 5 ", comparable to the MIPSGAL 
resolution of 6 ", whereas the VGPS has an angular resolution of 1 '. Because the Arecibo 
beam at X-band, ~ 30 ", is smaller than the resolution of the VGPS data, MAGPIS is helpful 
when attempting to identify candidates in crowded fields of IR and radio continuum emis- 
sion. We show in Figured] three-color Spitzer MIR images for all the new Arecibo Hn region 
detections. 

The Arecibo targets are fainter, smaller, or lie in more crowded fields compared with the 
GBT HRDS sources. The Arecibo gain at X-band is ~2.5 times that of the GBT; Arecibo 
can therefore in principle detect individual spectral lines from fainter sources than the GBT. 
The Arecibo beam at X-band is ~ 30 " compared to ~ 82 " for the GBT. For sources compact 
with respect to the GBT beam, Arecibo will suffer less beam dilution and therefore should 
be more sensitive. In complicated fields, the GBT beam may include the emission from 
multiple Hn regions along the line of sight. For these fields, the smaller Arecibo beam size 
can better measure the emission from a single H n region. 

Our Hn region candidate targets are located in the Galactic zone 66° > £ > 31° 
and | b | < 1 °. These limits are set by the sky coverage of the Arecibo telescope and 
the MIPSGAL survey boundaries. The Arecibo declination limit of 5 > —1° 20' prevents 
observations of the Galactic plane below £ ~ 31 °. The upper longitude limit and the latitude 
limit are set by the MIPSGAL survey boundaries. Finally, the MAGPIS survey extends only 
to £ < 48 ?5 so we cannot use these 20 cm data for all candidates. 

We observe the 63 targets that have the brightest expected X-band continuum fluxes. 
We compute these fluxes from aperture photometry of 21 cm VGPS data. These L-band 
fluxes are extrapolated to X-band under the assumption that the emission at 21 cm is opti- 
cally thin. In the GBT HRDS we found that these extrapolated values disagree by as much 
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as ~ ±100% from the measured GBT X-band continuum intensities, possibly because the 
derived fluxes are poor or because the assumption that all sources are optically thin at 20 cm 
is invalid. 

We detect RRL emission from 37 targets. Table [1] lists these Hn regions and gives the 
source name, its Gal actic and Equatorial (J 2000) coordinates, the velocity of detected CS 
2—7-1 emission from iBronfman et al.l ( 119961 ) , an d a characterization o f the source morphol- 
ogy based on Spitzer GLIMPSE 8.0 images ([Benjamin et al.l 120031 ) . The morphological 
classification s are the same a s in P aper II. If the source is associated with a GLIMPSE 
bubble from IChurchwell et al.l (120061 ) , we give the bubble name in parentheses in the "Mor- 
phology" column. Because CS emission is only detectable for dense molecular clouds, it is 
a good tracer of the early stages of star formation. Paper II found good agreement between 
the CS and RRL velo cities and also gave associations with 6.7 GHz methanol masers from 
Pestalozzi et al.l (120051 ). No Arecibo HRDS sources have a methanol detection within 2'. 



3. Observations and Data Analysis 

To make the Arecibo HRDS we used the 305 m telescope during the period October 
2011 to April 2012. Each observing session consists of one sidereal pass of the first quad- 
rant Galactic plane and lasts approximately five hours. At the beginning of each run we 
make radio continuum cross-scans of the standard source B 1843+09 to verify the observing 
setup, and to confirm that the measured gain is within the expected range, i.e., that the 
telescope is in focus. We also verify the spectral tunings by observing the bright H n region 
G045. 455+0. 059. As in Paper II, we use our custom IDL software package TMBIDLtU to 
analyze these data. 

The telescope gain depends on what part of the dish is illuminated. Because we are 
observing at the high frequency limit of Arecibo, the changing rms of the surface that is 
being illuminated as a source is tracked can alter the gain by 20% or more. Furthermore, at 
low zenith angles, the telescope cannot track fast enough to remain pointed at the source, 
whereas at high zenith angles there is spillover. Both these situations also affect the telescope 
gain. The Arecibo gain at X-band is in the range ~ 4 — 6 K Jy -1 , depending on azimuth and 
zenith angl^l This gain variation motivates many of our choices for the observational setup 
and subsequent data analysis. First, we do not observe radio continuum from our sources 



1 See http : // www .bu.edu/iar/tmbidl 



See http : //www .naic . edu/~astro/RXstatus/Xband/RX_xband. shtml 



-5 - 



as we did in the GBT HRDS. Such measurements would not be reliable without extensive 
calibration, and even then would likely be of low quality given the weather conditions we 
typically encounter. Second, we do not calibrate measured intensities with astronomical 
sources of known intensity, but instead rely solely on noise diodes to measure the system 
temperature. This again is difficult to do correctly with Arecibo, and would add little to the 
astrophysical importance of these data. The only reliably determined line parameter is the 
RRL LSR velocity. The RRL line intensity and line width should be used only with great 
caution. 

We use the "Interim" correlator configured into sub-bands that are tuned to four con- 
secutive RRL transitions, H89a to H92a. We sample both circular polarizations for each 
tuning. We thus get 8 independent spectra per observation: 4 RRLs x 2 orthogonal polar- 
izations each. (For comparison, the GBT HRDS observed seven RRL transitions simultane- 
ously, H 87 a to H 93 a.) Each sub-band has a 25 MHz total bandwidth and its 1024 channels 
are 9- level sampled. The velocity resolution of all sub-bands is ~ 0.8 kms" 1 per channel. 
Because the source velocities are unknown, we tune all sub-bands to a kms^ 1 LSR center 
velocity, which gives us a velocity coverage of ~ ± 400 kms -1 . Over the survey zone, this 
velocity range is more than sufficient to detect emission from all Galactic H n regions bound 
to the Galaxy. 

We observe in total-power, position switching mode with On- and Off-source integrations 
of five minutes each, hereafter a "pair." The Off-source position is chosen so that we track the 
same azimuth and zenith angle path as the On-source scan does. We set the total integration 
time individually for each source based on the strength (or absence) of RRL emission. Total 
source integration times range from 1200 to 5400 sec, with an average of 1800 sec. Each 
individual pair is calibrated by firing the noise diodes. 

About 2 hours of data were unusable due to rain storms and it was cloudy or lightly 
raining for most observing runs. X-band is the highest radio frequency band observable with 
Arecibo and focusing the telescope is especially important compared to the lower frequencies. 
The Arecibo telescope is focused by using "tie down" cables running from each vertex of the 
triangular receiver platform to the ground. For 20% of our observing runs, the tie down 
system was not operational and the focus was not optimal. Finally, two of our observing 
runs are plagued by baseline ripples. These ripples appear in all sub-bands, although they are 
only readily apparent in the right circularly polarized data. The ripples have amplitudes of 
~ 5 mK and are present for most (but not all) of the two aforementioned days. We expunge 
almost all of these data in subsequent analyses. We do not know the source of these ripples. 

To first order, RRLs at X-band all have the same intensity, line width, and velocity; 
they can therefore be combined to create more sensitive ( H n a ) spectra. Because of their 
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tunings, each sub-band has a slightly different spectral resolution, which c omplica t es the 
process of averaging the individual spectral lines. In Paper II, we followed iBalserl (120061 ) 
and interpolated data from all sub-bands to that of the sub-band with the lowest velocity 
resolution. Here, for the H89a sub-band the spectral resolution is 0.798 kms -1 , whereas it 
is 0.881 kms -1 for the H92a sub-band. For an average RRL line width of 25 kms -1 (see 
Paper II), the difference between the H89a sub-band and the H92a sub-band for this line 
width is 3 channels, or ~ 2.5 km s -1 . Because we smooth the ( H n a ) spectra to a 4.2 km s _1 
resolution (see below), the difference in velocity resolution between the four sub-bands is 
unimportant and we do not perform any interpolation. All four sub-bands are Doppler 
tracked and have the same center velocity. The line velocities are therefore unaffected by 
the different spectral resolutions. We calculate average spectra in the standard way with a 
weighting factor of t intg /T S y S , where £i ntg is the integration time and T sys is the total system 
temperature. Figure [2] shows an example of our analysis for the Hn region G034. 132+0.472. 
The black lines show spectra for the four tunings (sub-bands). Each is the average of both 
circular polarizations. The average ( H n a ) spectrum is drawn in red. 

We smooth the ( H n a ) spectra using a normalized Gaussian function of FWHM five 
channels to give a spectrum with a velocity resolution of 4.2 kms -1 . RRLs average ~ 
25 kms -1 FWHM (see Paper II) so this guarantees that for most sources we have at least 
five spectral resolution elements across the line. We remove a polynomial baseline from the 
combined, smoothed spectrum. We determine the polynomial baseline order individually 
for each source, but it is generally third order or less. We then fit Gaussian functions to 
detected lines individually for each source. This gives us the LSR velocity, line intensity, and 
line width for each emission component. There are no other strong atomic, molecular, or 
unidentified lines known in these frequency bands and therefore the brightest detected lines 
are hydrogen RRLs. Finally, the Arecibo beam size changes with frequency so we might be 
sampling slightly different volumes of space with each tuning. Between the four sub-bands, 
the Arecibo beam is 10% different. As in the GBT HRDS, we do not attempt to correct for 
this effect. 



4. The Arecibo Hll Region Discovery Survey Catalog 

We detect RRL emission from 37 sources out of 64 observed targets, a 58% success 
rate. We show these (Una) spectra in Figure El Two sources have two RRL velocity 
components so the Arecibo HRDS contains 39 discrete RRLs altogether. The average rms 
noise for the survey (Hna) spectra is 2.0 mK. Given the Arecibo X-band gain of ~ 4K Jy, 
this corresponds to 0.5 mJy. For comparison, the GBT HRDS has a 95% detection rate and 
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an average rms of 1.0 mJy. 

Table [2] gives the Arecibo HRDS catalog hydrogen RRL line parameters, which come 
from Gaussian fits to the (Hna) spectra. It lists the source name, Galactic co-ordinates, 
line intensity, FWHM line width, LSR velocity, and the rms noise in the spectrum. Errors 
in line parameters are the ± 1 a uncertainties from the Gaussian fits. As we describe in 
Section 3, only the LSR velocity is reliably determined. The errors given in Table [2] for the 
line intensity and FWHM line width underestimate the true errors in these parameters. For 
the two sources with multiple RRL velocity components, we append an "a" or a "b" to the 
source names, in order of decreasing LSR velocity. We list the sources for which we did not 
detect RRL emission in Table [3j which gives the source name, Galactic position, rms noise, 
and GLIMPSE 8/im morphology. 

We re-observed a sample of GBT HRDS nebulae in order to verify the telescope con- 
figuration, to evaluate the data processing accuracy, and to cross-calibrate the two surveys. 
Table H] lists hydrogen RRL parameters for four nebulae common to both surveys. Because 
of the different beam sizes, observations with the GBT and Arecibo potentially sample dif- 
ferent volumes for a given source so we do not necessarily expect the line parameters to agree 
exactly. We are also comparing antenna temperature and not flux density, so we would not 
expect the line intensities to agree in these units. Moreover, given the gain variations of 
the Arecibo telescope, comparing the line intensities provides no useful insights. The agree- 
ment is, however, quite good for the RRL velocity and line width, although it is best for 
the brightest nebula, G034. 133+0.471. For these sources, the mean absolute difference in 
velocity is 0.6 kms -1 and the mean absolute difference in FWHM line width is 2.7 kms -1 . 
The line width is larger for all the Arecibo observations, which is due to how the four RRLs 
are averaged. 



5. Distances 



We derive kinematic distances to the Arecibo HRDS nebulae as in Paper III. Kinematic 
distances are computed from models of Galactic rotation that take as inputs the source 
Galactic longitude and LSR velocity. Although some models also use t he Galactic latitud e 
to account for vertical deviations in Galactic rotational velocities, (e.g., iLevine et al.ll2008l ). 
we do not use them. As was also the case for the GBT HRDS, kinematic distances are the 
only method that can be used to derive distances to t he maj o rity o f Arecibo HRDS sources. 
We compute all kinematic distances here using the iBrandl (119861 hereafter B86) rotation 
curve. 
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For sources in the inner Galaxy, there are two possible kinematic distances for each 
measured velocity, a "near" and a "far" distance. The "near" and the "far" distance for a 
given line of sight are spaced equally about the tangent-point distance, which is the location 
of maximum radial velocity. This problem is known as the kinematic distance ambiguity, 
KDA. Without additional information, it is unknown which distance is correct for a given 
nebula. The outer Galaxy has no KDA, however, so our first Galactic quadrant Arecibo 
HRDS sources with negative RRL velocities are unambiguously in the outer Galaxy. We can 
derive kinematic distances for them directly from their measured velocities. 

The Hi Emission/ Absorpti on (Hi E/A) method has proved to be very effective at resolv- 
ing th e KDA for H n regions (see Kuchar Sz Banialll994 ; Kolpak et al. 2003 ; Anderson Sz Bania 



20091 ). In Paper III we determined distances to 158 GBT HRDS sources by the Hi E/A 
method using Hi data from the VGPS. The Hi E/A method relies on the detection of Hi 
absorption of the broadband thermal radio continuum emission from an Hn region. Hi is 
ubiquitously distributed in the Galaxy and so it emits at all velocities permitted by Galactic 
rotation. If H i absorption is found between the nebular RRL velocity and the tangent point 
velocity, this favors the far distance. The absence of any Hi absorption beyond the nebular 
RRL velocity favors the near distance. For the Hi E/A method to be successful, however, 
the Hn region must be bright enough to allow for detectable absorption. 

We are able to derive kinematic distances for 23 Arecibo Hn regions, which is 62% 
of the HRDS sample. Only three, however, have bright enough continuum emission to 
make an Hi E/A analysis. For the other sources, we can establish kinematic distances to 
them because they are near the tangent-point distance, in the outer Galaxy (or very near 
to the Solar orbit), or associated with large star- forming complexes with previously known 
distances. 

Two of the Hi E/A sources, G052.201+0.752 and G052.259+0.700, are in the G52 
complex (see Section l6~4j) . Both their RRL velocities are near 10 kms" 1 and Hi absorption is 
detected up to 60 kms -1 , thus favoring the far distance. The third source, G041. 881+0. 493, 
has a RRL velocity of 23.2 kms -1 and Hi absorption is detected up to 68 kms -1 . This again 
favors the far distance. Paper III assigned "quality factors" (QFs) to assess the reliability 
of an Hi E/A KDA determination. Using these same qualitative criteria, the Hi E/A KDA 
resolution for these three nebulae would all be of the highest-quality, QF "A" . 



As we did in lAnderson fc Banial (120091 ) and Paper III, we assign the tangent-point dis- 
tance to the 12 Arecibo HRDS sources whose velocities are within 10 kms -1 of the tangent- 
point velocity. For sources near the tangent-point, our ability to discriminate between the 
near and far kinematic distances using the Hi E/A method is limited. Furthermore, as the 
LSR velocity approaches the tangent-point velocity, the difference between the near and far 
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distances becomes small so resolving the KDA is less important. 

The four Arecibo HRDS sources with negative RRL velocities are unambiguously in the 
outer Galaxy. One of these, G034. 591+0. 244, has two RRL velocity components: 56.6 kms -1 
and —19.4 kms -1 . We believe that the latter is the actual velocity of this nebula and that 
the 56.6 kms -1 component comes from diffuse gas along the line of sight. This is because 
there is no evidence for any spatially extended, diffuse gas in the outer disk for this part of 
the Milky Way whereas the GBT HRDS catalog shows many examples of extended, diffuse 
gas in the first quadrant inner Galaxy. This negative velocity for G034. 591+0. 244 then gives 
a kinematic distance of 16.1 kpc. 

There are three nebulae in the G46 complex (see Section 16.31) that have very low RRL 
velocities, Vlsr < 10 kms -1 . Such low velocities give near kinematic distances very close 
to the Sun, < 0.5 kpc. Given their low fluxes and small angular sizes, however, all these 
sources are likely to be at their far kinematic distances. Finally, G037. 468— 0.105 is spatially 
coincident with t he W47 H n region complex , and its RRL velocity agrees with other nebulae 



in the complex. lAnderson fc Banial (120091 ) derived a far kinematic distance of 9.6 kpc for 



these objects so we place G037. 468— 0.105 there as well. 

We give the kinematic distances for the Arecibo HRDS nebulae in Table which lists 
for each source its name, LSR velocity, tangent-point velocity, near and far distances, KDA 
resolution, heliocentric distance and its ±ler uncertainty, Galactocentric radius, and height 
above the Galactic plane. All kinematic distances and tangent-point velocities are based on 
the B86 rotation curve. The distance uncertainties are taken from Paper III, which provided 
percentage uncertainties in kinematic distances for a range of (£, v )-space loci. 

Table [5] shows that of the 19 inner Galaxy nebulae with kinematic distances, 7 (37%) 
are at the far distance, 12 (63%) are at the tangent-point distance, and none are at the 
near distance. In comparison, Paper III found that for GBT HRDS sources 61% are at 
the far distance, 31% at the tangent point distance, and 7% at the near distance. Over 
the longitude range of the Arecibo HRDS, these numbers change to 69%, 30%, and 1%, 
respectively. Thus, somewhat surprisingly since Arecibo is a more sensitive telescope, a 
smaller fraction of the Arecibo sample is at the far distance compared to the GBT HRDS. 
The small number statistics of the Arecibo HRDS distance sample prevent us from drawing 
any strong conclusions about this. 

The dearth of sources at the near distance does, however, imply that the Arecibo HRDS 
nebulae are on the whole quite distant. The average distance of the Arecibo nebulae is 
9.0 kpc, whereas it i s 10.1 kpc for the GBT HR DS (9.8 kpc over the Arecibo longitude range) 



and 8.4 kpc for the lAnderson &: Banial (120091 ) Hn region sample (8.0 kpc over the Arecibo 
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longitude range). That the GBT HRDS sources are on average more distant is surprising 
given the weak line intensities of the Arecibo HRDS sample (see Section P6 . 1 j) . Even if all 
the Arecibo HRDS sources without derived kinematic distances were at the far distance, 
however, the average distance would still be just 9.3 kpc. 



Discussion 



6.1. Hydrogen Recombination Line Intensities 



The Arecibo HRDS nebulae are some of the faintest H n regions ever observed in RRL 
emission. The average hydrogen recombination line intensity is 10.1 mK, or 2.5 mJy assuming 
a gain of 4KJy -1 . These are much weaker recombination lines than those in the GBT 
HRDS, whi ch has an average line intensity of 35.4 mK, or 17.7 mJy given the GBT gain 
of 2K Jy -1 (IGhigo et al.l 120011 ) . Furthermore, in contrast to the GBT HRDS, the Arecibo 
HRDS has only faint targets. More than 74% of the detected lines have intensities < 10 mK 
whereas only 18% of GBT HRDS sources meet this criterion. RRL surveys prior to the GBT 
HRDS observed even brighter ta rgets with higher line intensities (see Paper II, their Figure 9 
comparison with lLockmanlll989l ) . The relatively low detection rate of Arecibo candidate Hn 
region targets is a direct result of the low mean flux of the Arecibo HRDS nebulae. 



6.2. Galactic Distribution 

The (£, v )-distribution of Galactic Hn regions projected onto that part of the first quad- 
rant Galactic plane accessible to the Arecibo telescope is shown in Figure HI Seven Arecibo 
nebulae have velocities beyond the B86 rotation curve tangent-point velocity. They are lo- 
cated in the zone 44° < £ < 60°, and five of them lie in the range 49 ?7 < £ < 52 ?4. The 
largest discrepancies are for G051.402-0.890, G052.397-0.580, and G059.603+0.911, which 
are 23.7, 20.3, and 15.1 kms -1 beyond the B86 tangent-point velocity, respectively. The 
location of these five sources in (£, t>)-space is close to the Sagittarius Arm tangent point. 
Similar, but smaller, velocity deviations beyond the nom inal tangent-p oint velocity can be 



seen in the H i emission from this part of the Galaxy (see iBurtonl 11966 



their feature "C" 



The Figure H] nebulae are the census of all currently known H n regions in this zone. 
Altogether, in the longitude range £ ~ 50 — 52 there are 18 nebulae with velocities that 
are beyond the terminal velocities predicted by all three of the rotation curve models we use 
here. Five Hn regions have velocities well beyond, > 20 — 25 kms -1 , their tangent point 
velocities. These excursions are ~ 50% higher than the models' average terminal velocity in 
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this direction. This is evidence for strong streaming motions at this location. 

We compare in Figure the Galactic radial distribution of the Arecibo HRDS nebulae 
with that of all previously known Hn regions, a sample that includes the GBT HRDS. Over 
the Arecibo longitude range, we compute the Galactocentric radii for both H n region samples 
using the B86 rotation curve. The distribution of Arecibo sources shows a strong peak near 
6kpc, similar to what is seen for the previously known sample. The Arecibo nebulae also 
show a large peak near 8kpc that is not seen as strongly for the previously known sample. 
With only 37 sources in the Arecibo HRDS, however, these findings are not particularly 
robust. 



6.3. Comments on Individual HII Regions 



G037.498+0.530 

We detect two velocities for this source: 11.6 kms" 1 and 47.1 kms -1 . Both lines are of equal 
intensity. This nebula is near the HRDS source G037. 485+0. 513, which has three velocities: 
4.1 kms -1 , 50.0 kms"' , and 90.8 kms -1 . These components are all of comparable intensity. 
Bronfman et al.l (119961 ) detect one CS component with a velocity of 10 kms" 1 from the 
nearby position (£, b) = (37?4 94, 0?530). This veloc ity component has also been detected in 
NH 3 by the Red MSX Survey ( lUrquhart et al.ll201ll ). It therefore seems likely that the RRL 
source velocity for G037. 498+0. 530 is 11.6 kms" 1 . One possible scenario is that 90.8 kms -1 
is the source velocity for GBT HRDS G037.485+0.513 and the ~50 kms -1 component shared 
by both sources is diffuse. In this scenario, the ~4-12kms _1 emission is also common to 
both sources. Finally, the GBT HRDS also detected emission from G037. 498+0. 530. Further 
observations are needed to clarify matters. 

G043. 738+0.114 

This source has a velocity of 73.1 kms -1 and is associated with the GLIMPSE bubble N89. 
It is near the HRDS source G043. 770+0. 070, which has a velocity of 70.5 kms -1 and is 
also associated with a GLIMPSE bubble, N90 (see Figured]). Neither object has a distance 
determination as yet. 

G046.017+0.264 

Because of its MIR mo r pholo gy and broad line width, this source might b e a pla netary 
nebula. lUrquhart et al.l (120091 ) classify this source as a PN. Anderson et al.l ( ]2012bl ) show 
that IR colors can be used to distinguish between Hn regions and PNe. MIR aperture 
photometry for this source using GLIMPSE, MIPSGAL, and WISE dWright et al.l boioh 
data, however, is inconclusive. FIR data would help resolve the nature of this object. 
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G046.176+0.536, G046.203+0.535, & G046. 213+0. 548 

These three sources are in a complex we call here G46 and have velocities ranging from 
2.1 kins" 1 to 6.3 kms -1 . G046. 203+0.535 is a GBT HRDS nebula, but the GBT beam 
included emission from the other two sources. Paper III did not establish a distance because 
the radio continuum emission is too faint. The small angular size, weak continuum flux, and 
low LSR velocities of the nebulae in this complex favor the far distance. We thus place all 
three sources at the far kinematic distance of 11.5kpc. 

G052. 201+0.752 & G052. 259+0.700 

These two sources and the nearby re-observed GBT HRDS source G052. 160+0.706 all have 
emission in the off-source direction. The source velocities for G052. 201+0. 752, G052. 259+0. 700, 
and G052. 160+0. 706 are 8.7 kms -1 , 7.4 kms -1 , and 8.2 kms -1 , respectively. The off-source 
velocities are 53.7 kms -1 , 51.6 kms -1 , and 52.0 kms -1 . We fit the negative-intensity off- 
source emission simultaneously with that of the on-source emission. The fits to the on-source 
emission are the line parameters given in Table |2j The lines are well-separated in velocity 
(see Fig. [3]) so the line parameters do not appear to be strongly affected by the off-source 
emission. The derived LSR velocities do not change when the lines are fit individually. 
Furthermore, for G052. 160+0.706 the Arecibo and GBT HRDS velocities match. 

The off-source positions, (£,b) = (52?884, -0?505), (52?942, -0?557), and (52?844, 
— 0?548), all coincide with a single large, diffuse Hn region. There is a s eparate compact 



Hn region along the eastern border of the diffuse region, G052. 940— 0.588. iLockmanl (119891 ) 
found RRL emission for this nebula at a velocity of 43.5 kms -1 . The velocity discrepancy 
between this compact Hn region and the ~ 53 kms -1 off-source emission is puzzling since 
both sources are spatially coincident. Perhaps the two nebulae are not physically associated 
at all. 



6.4. The G52 Complex 



The three H n regions just discussed are part of an even larger complex that is comprised 
of at least 7 compact nebulae. We call this complex "G52" and show this complicated field in 
Figure [6l The green numbers and vectors in the upper left panel mark the RRL velocities (in 
kms -1 ) of the two Arecibo HRDS nebulae, G052.201+0.752 and G052.259+0.700, whereas 
GBT HRDS nebulae are marked in cyan. IWatson et ajj (120031 ) measures a —3.0 kms -1 
RRL velocity fo r the yellow-marked nebula, G052. 230+0. 740, using Arecibo with a 1' beam. 
Lockmanl (119891 ) finds a 2.8 kms -1 velocity for this same source with the 3 ' NRAO 140 Foot 
telescope beam. 
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We adopt here a kinematic distance of 10 kpc for the G52 complex. This is based on our 
Hi E/A measurements for the two Arecibo nebulae, G052. 201+0. 752 and G052.259+0.700, 
that support the ~ 10 kpc far distance. Furthermore, GBT HRDS G052. 160+0.706 is nearby 
and has a velocity of 7.9 kms -1 (Paper II ). Paper HI foun d a far kinematic distance of 
10 kpc for this nebula. Finally, using the iLockmanl (119891 ) velocity for G052. 230+0. 740, 



Anderson fc Banial (120091 ) found strong evidence for t he far kinematic dis tance (which is 
further supported by the negative velocity measured by lWatson et al.l 120031 ) . 



The spatial distribution of the compact nebulae in the G52 field define the border of 
an even larger structure that we call "G52L," which is outlined by the dashed ellipse in the 
upper left panel of Fig. [6j While there are many observations of the smaller compact H n 
regions in the field, due to its faint radio flux G52L has not yet been been observed in RRL 
emission. Based on its MIR and radio continuum morphology together with the ongoing star 
formation on its borders, G52L is almost certainly a large H n region. 

G52L seems to be an evolved Hn region that has displaced a significant amount of 
material through its expansion, leaving a low density, low emission measure internal cavity. 
An Hi shell spatially coincident with the photo-dissociation region (PDR) seen at 8.0 /im 
is clearly visible (see Figure El bottom left panel). The velocity of this shell, 1.8 kms -1 , 
suggests that G52L is associated with the smaller compact Hn regions. To our knowledge 
this shell has not been identified previously as an Hn region. In the bottom right panel 
of Figure El we sho w 13 CO emission at 4.2 kins" 1 from the Galactic Ring Survey (GRS; 
Jackson et al.ll2006l ). There is 13 CO gas along the north and south PDRs of G52L. This 
gas may be tracing future sites of star formation in the region. These Hi and 13 CO shells 
indicate that a significant amount of material has been displaced by the expansion of G52L. 

G52L may be the largest single Hn region in the Galaxy. The PDR region traced at 
8.0 /im in Figure[6]is ~ 30 ' in diameter. Using the distance to the compact sources, ~ 10 kpc, 
this corresponds to a physical diameter of 90 pc (the Hi and 13 CO shells give the same result). 
This is about 40% the MIR size we measure for the Large Magellanic Cloud's 30 Dorad us 
nebula, which is the largest Hn region in the Local Universe (IFreedman fc Madordl2010l ). 



We estimate the size of various other large, well-known Hn regions using GLIMPSE 
8.0 /im and WISE 12 /mi datc|. We find that G52L is three times larger than W43 (15' 
diameter and 5.7 kpc distance from lAnderson fc Banial I2009T). oyer tw ice as large as the 
G305 complex (30 ' diameter and 4 kpc distance from lRusseil et al.lll998l ; see recent paper by 
Hindson et al.ll2012l ). about twice the size of W5-E (50' diameter and assuming the 2.0 kpc 
distance for W3 from IXu et al.l 120061 also applies to W5; see recent paper L. Deharveng et 



3 Both data sets trace H II region PDRs so they are equivalent for our purposes (|Anderson et al. 



2012bl ). 
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al., 2012, submitted), about twice the size of W5-W (1° diameter and the same 2.0 kpc 
distance), about twice as large as CTB 102 (35' diame ter, not including any associated 
radio continuum "filaments," and 4.3 kpc distance from lArvidsson et all 120091) and t hree 
times larger than W5 1 (20 ' diameter of main Hii region W51B from IWesterhoutlll958l and 
5.6 kpc distance from lAnderson fc Banial 120091 ) . 



A region as large and energetic as G52L can shap e the evolution o f subse quent gen- 
erations of star formation in its vicinity. Paper II and iDeharveng et al.l (120101 ) show that 
nearly all cataloged IR bubbles enclose Hn regions. G5 2L is spatially coincident with the 
infrared dust bubble N109 in the IChurchwell et al.l ( 120061 ) compilation while the smaller loop 
to the southwest has been separately cataloged as N108. There is no evidence, however, that 
N109 and N108 are not part of the same large source. Interestingly, most of the small Hn 
regions are also spatially coincident with infrared dust bubbles: G052. 160+0. 706 with N110, 
G052.201+0.752 with Nlll, G052.230+0.740 with N113, and G052.259+0.700 with N1140. 
This high density of bubble Hn regions is unusual and may indicate that the G52 local 
environment is conducive to their formation. 

We hypothesize that there may be many other large, evolved Galactic H n regions similar 
to G52L that, due to their low flux densities, remain undiscovered. G52L is 10 kpc distant 
and has a 1.4 GHz flux density of ~ 11 Jy. This implies an ionizing lu minosity of ~ 1 49,9 s _1 , 



equivalent to 2 main sequence 04 stars or ~11 m ain sequence 07 stars ([Sternberg et al.ll2003l ). 
Because it is relatively faint G52L is not in the iMurray &: Rahman! (120101 ) catalog of large 
massive star forming regions. Its exclusion hints that other, yet to be discovered, luminous 
diffuse H n regions such as G52L may make a significant contribution to the total ionization 
of the Galaxy. 



7. Summary 

Using the Arecibo Observatory at X-band (3 cm), we detect RRL emission from 37 
previously unknown Hn regions in the Galactic zone 66 ° > i > 31 ° and | b | < 1 °. As in the 
GBT HRDS, the Arecibo HRDS candidate Hn region targets are selected based on spatially 
coincident 24 /im and 20 cm emission that has a similar morphology and angular extent. 
Compared to the GBT HRDS, the Arecibo HRDS targets are fainter, smaller in angular 
size, or are in more crowded fields. The Arecibo HRDS nebulae are among the faintest ever 
detected in RRL emission. Only 58% of the Arecibo HRDS candidate Hn regions show RRL 



4 Notably missing from this list is N112 which is yet to be observed in RRL emission. Nonetheless, based 
on its MIR and radio morphology N112 is probably an Hii region. 
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emission whereas the detection rate for GBT HRDS targets was 95%. We do not really 
know why the discovery rate for Arecibo Hn region candidates is so low compared with 
that for the GBT HRDS. It may just be the case that the relatively low detection rate of 
Arecibo Hn region candidates is a direct result of the low mean flux of the Arecibo HRDS 
nebulae. Despite having an average spectral sensitivity a factor of two better, the mean 
signal-to-noise ratio (SNR) for Arecibo Hn region detections is 5.0 compared to the 17.7 
SNR for GBT HRDS nebulae. Perhaps the GBT census had already detected the bulk of 
the H ii regions in this part of the Milky Way that are detectable by Arecibo with reasonable 
integration times. We also may be finding the first indication of a real drop off in the Hn 
region luminosity distribution. 

The Arecibo HRDS enhances the census of regions of massive star formation for that 
part of the first quadrant Galactic disk that is accessible to the Arecibo telescope. This 
census reveals five Hn regions near I ~ 50° that have velocities > 20 — 25kms~ 1 beyond 
the tangent point velocity in this direction. This is evidence for strong streaming motions 
at this location. Over the Arecibo longitude range, the Galactic radial distribution of Hn 
regions shows peaks at ~ 6kpc and ~ 8kpc. The 8kpc peak for the Arecibo HRDS is more 
prominent than that for the distribution of H n regions known previously. 

We derive kinematic distances for 23 Arecibo HRDS nebulae. Four of these have negative 
LSR velocities, placing them unambiguously in the outer Galaxy. Of the remaining sources, 
12 are at the tangent point distance and the others are at the far kinematic distance. 

We find, apparently for the first time, a large Hn region, G52L, that is a member of 
a complex of Hn regions lOkpc distant. G52L may be the largest single Hn region in the 
Galaxy. It is physically larger than all the well-known Hn regions we discuss here and is 
about 40% the size of 30 Doradus in the Large Magellanic Cloud. G52L is associated with a 
30' diameter Hi shell that is spatially coincident with its PDR, and also with 13 CO emission 
on its northern and southern boundaries. Together with most of the Hn regions in the 
complex, G52L has a bubble morphology when observed at mid-infrared wavelengths. This 
concentration of bubbles is unusual and may indicate something about the local environment. 

A. The HRDS Web Site 

All the Arecibo HRDS data are now incorporated in our HRDS Web site, http : //go . nrao . edu/hrds 
where one can view the three-color images (Fig. [1]) and the ( H n a ) recombination line spec- 
tra (Fig. [3]). One can also download the contents of Tables [fl El and [51 As we continue to 
extend the HRDS all future data will also be available on this site. 



- 16 - 



The Arecibo Observatory is operated by SRI International under a cooperative agree- 
ment with the National Science Foundation (AST-1100968), and in alliance with Ana G. 
Mendez-Universidad Metropolitana, and the Universities Space Research Association. This 
research has made use of NASA's Astrophysics Data System Bibliographic Services and the 
SIMBAD database operated at CDS, Strasbourg, France. 

Facility: Arecibo Observatory 

REFERENCES 

Anderson, L. D., & Bania, T. M. 2009, ApJ, 690, 706 

Anderson, L. D., Bania, T. M., Balser, D. S., & Rood, R. T. 2011, ApJS, 194, 32 
-. 2012a, ApJ, 754, 62 

Anderson, L. D., Zavagno, A., Barlow, M. J., Garcia-Lario, P., & Noriega-Crespo, A. 2012b, 
A&A, 537, Al 

Araya, E., Hofner, P., Churchwell, E., & Kurtz, S. 2002, ApJS, 138, 63 
Arvidsson, K., Kerton, C. R., & Foster, T. 2009, ApJ, 700, 1000 
Balser, D. S. 2006, AJ, 132, 2326 

Bania, T. M., Anderson, L. D., Balser, D. S., & Rood, R. T. 2010, ApJ, 718, L106 

Benjamin, R. A., et al. 2003, PASP, 115, 953 

Brand, J. 1986, PhD thesis, Leiden Univ., Netherlands. 

Broadbent, A., Osborne, J. L., & Haslam, C. G. T. 1989, MNRAS, 237, 381 

Bronfman, L., Nyman, L.-A., & May, J. 1996, A&AS, 115, 81 

Burton, W. B. 1966, Bull. Astron. Inst. Netherlands, 18, 247 

Carey, S. J., et al. 2009, PASP, 121, 76 

Caswell, J. L., & Haynes, R. F. 1987, A&A, 171, 261 

Churchwell, E., et al. 2006, ApJ, 649, 759 

Clemens, D. P. 1985, ApJ, 295, 422 



Deharveng, L., et al. 2010, A&A, 523, A6+ 

Freedman, W. L., & Madore, B. F. 2010, ARA&A, 48, 673 

Ghigo, F., Maddalena, R., Balser, D., & Langston, G. 2001, GBT Commissioning Memo 10 
Haslam, C. G. T., & Osborne, J. L. 1987, Nature, 327, 211 

Helfand, D. J., Becker, R. H., White, R. L., Fallon, A., & Tuttle, S. 2006, AJ, 131, 2525 

Hindson, L., Thompson, M. A., Urquhart, J. S., Faimali, A., Clark, J. S., & Davies, B. 2012, 
MNRAS, 421, 3418 

Jackson, J. M., et al. 2006, ApJS, 163, 145 

Kolpak, M. A., Jackson, J. M., Bania, T. M., Clemens, D. P., & Dickey, J. M. 2003, ApJ, 
582, 756 

Kuchar, T. A., & Bania, T. M. 1994, ApJ, 436, 117 
Levine, E. S., Heiles, C, & Blitz, L. 2008, ApJ, 679, 1288 
Lockman, F. J. 1989, ApJS, 71, 469 

McClure-Griffiths, N. M., & Dickey, J. M. 2007, ApJ, 671, 427 

Murray, N., & Rahman, M. 2010, ApJ, 709, 424 

Pestalozzi, M. R., Minier, V., & Booth, R. S. 2005, A&A, 432, 737 

Reifenstein, E. C, Wilson, T. L., Burke, B. F., Mezger, P. C, & Altenhoff, W. J. 1970, 
A&A, 4, 357 

Russeil, D., Georgelin, Y. M., Amram, P., Gach, J. L., Georgelin, Y. P., & Marcelin, M. 
1998, A&AS, 130, 119 

Sewilo, M., Churchwell, E., Kurtz, S., Goss, W. M., & Hofner, P. 2004, ApJ, 605, 285 

Sternberg, A., Hoffmann, T. L., & Pauldrach, A. W. A. 2003, ApJ, 599, 1333 

Stil, J. M., et al. 2006, AJ, 132, 1158 

Urquhart, J. S., et al. 2009, A&A, 501, 539 

-. 2011, MNRAS, 418, 1689 



Watson, C, Araya, E., Sewilo, M., Churchwell, E., Hofner, P., k Kurtz, S. 2003, ApJ, 587, 
714 

Westerhout, G. 1958, Bull. Astron. Inst. Netherlands, 14, 215 

Wilson, T. L., Mezger, P. G., Gardner, F. F., & Milne, D. K. 1970, A&A, 6, 364 

Wood, D. O. S., & Churchwell, E. 1989, ApJS, 69, 831 

Wright, E. L., et al. 2010, AJ, 140, 1868 

Xu, Y., Reid, M. J., Zheng, X. W., & Menten, K. M. 2006, Science, 311, 54 



This preprint was prepared with the A AS IATgX macros v5.2. 




Fig. 1. — Spitzer infrared images of Arecibo HRDS nebulae. Image data are from MIPSGAL 
24 fim (red), GLIMPSE 8.0 /mi (green) and GLIMPSE 3.6 /im (blue). Each image is 12' 
square; the 30 " Arecibo beam is shown in the lower left corner. 
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Fig. 2. — G034. 132+0.472 Hn region spectra. Shown in black are spectra for the four 
different tunings (sub-bands). Each is the average of both circular polarizations. The red 
line (Una) spectrum is the average of these data smoothed to 4.2 kms -1 resolution. 
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Fig. 3. — Arecibo HRDS composite (Hna) RRL discovery spectra. Shown is the average of 
the H89a through H92a RRLs, smoothed to 4.2 kms -1 resolution. A Gaussian fit to each 
hydrogen RRL component is superimposed in red. A vertical dashed line flags the nebula's 
hydrogen RRL LSR velocity, which is listed at the bottom of the flag. The expected locations 
of the helium and carbon RRLs are also flagged. 
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Fig. 4. — Hn region longitude- velocity diagram for the first quadrant Galactic plane visible 
to the Arecibo telescope. Shown is the current census of all known Hn regions in this zone 
from: the Arecibo HRDS (red circles), the GBT HRDS (black circles), and nebulae known 
prior to t he GBT HRDS (bla ck cro sses; see Paper II). Tangent point velocity loci for the 



Clemens! (119851 ) . iBrandl (119861 ). and iMcClure-Griffiths fc Dickeyl (120071 ) rotation curves are 
drawn as solid, dotted, and dashed lines, respectively. In the longitude range t ~ 50 ° — 52 ° 
there are 18 nebulae with velocities that are beyond the terminal velocities predicted by all 
three of the rotation curve models. 
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Fig. 5. — Galactic radial distribution of Hn regions. Arecibo HRDS nebulae are the gray 
filled histogram and the previously known sample of Hn regions, including the GBT HRDS, 
is the dotted line histogram. Only nebulae located in the longitude range of the Arecibo 
HRDS are included here. The vertical dashed line shows the minimum Galactocentric radius 
sampled by the present study. 





Fig. 6. — Multi-wavelength images of the G52 complex. Each is centered at (£, b) = 
(51?97, 0?57) and shows a region spanning 1° x 0?75 in Galactic co-ordinates. The scale 
bar in the top left panel shows 10', which is 29 pc at a distance of lOkpc; the entire field 
shown is 175 x 130 pc. G52L is the large half-circle structure open to the south-east, marked 
with a white dashed ellipse in the top left panel. Contours are of VGPS 21 cm continuum 
emission at levels of 9, 12, 16, 20, 25, 32, and 40 K. Background images for the top two panels 
are Spitzer data: MIPSGAL 24 /im (red), GLIMPSE 8.0/mi (green) and GLIMPSE 3.6/im 
(blue). In the top left panel, the RRL velocities (in kms -1 ) and vectors point to different 
nebulae in this complex. Colors iden tify the source of the se data: green for this work, cyan 
for the GBT HRDS, and yellow for IWatson et al.l (120031 ) . The bottom left panel shows a 
single Hi channel from the VGPS at a velocity of 1.8 kms -1 . The bottom right panel shows 
a single 13 CO channel from the GRS at a velocity of 4.2 kms -1 . Both bottom panel images 
are spatially smoothed with a 1' FWHM Gaussian kernel. 
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Table 1. Arecibo HRDS Source Catalog 



Name 


I 
deg 


b 
deg 


RA(J2000) 
hh:mm:ss.s 


Dec.(J2000) 
dd:mm:ss 


km s ^ 


Morphology* 3 


G034.591+0.244 


34 


591 





244 


18 


53 


35 


9 


+01 


35 


17 






C 


G035. 099-0. 243 


35 


099 


-0 


243 


18 


56 


15 


5 


+01 


19 


04 






C 


G036. 347+0. 048 


36 


347 





048 


18 


57 


30 





+03 


03 


39 






1 


G036. 996-0. 231 


36 


996 


-0 


231 


18 


59 


41 


1 


+03 


30 


39 






c 


G037. 468-0. 105 


37 


468 


-0 


105 


19 


00 


05 


9 


+03 


59 


19 






c 


G037.498+0.530 


37 


498 





530 


18 


57 


53 


1 


+04 


18 


17 






c 


G038. 353-0. 134 


38 


353 


-0 


134 


19 


01 


49 


7 


+04 


45 


43 


ND 


B 


(N72) 


G039. 195+0.226 


39 


195 





226 


19 


02 


05 


6 


+05 


40 


31 


2.6 




C 


G039. 672-0.458 


39 


672 


-0 


458 


19 


05 


24 


7 


+05 


47 


09 


ND 




c 


G041. 132+0. 128 


41 


132 





128 


19 


06 


01 





+07 


21 


05 






PB 


G041. 132-0. 558 


11 


132 


-0 


558 


19 


08 


28 


i 


+07 


02 


11 






B 


G041. 659-0. 019 


11 


659 


-0 


019 


19 


07 


31 


5 


+07 


45 


07 






IB 


G041. 721-0. 006 


41 


721 


-0 


006 


19 


07 


35 


2 


+07 


48 


45 






1 


G041.881+0.493 


11 


881 





493 


19 


06 


05 


7 


+08 


11 


04 






C 


G043. 096-0. 503 


13 


096 


-0 


503 


19 


11 


56 


3 


+08 


18 


11 






I 


G043. 738+0.114 


43 


738 





114 


19 


10 


55 


5 


+09 


39 


27 




B 


(N89) 


G045.039-0.643 


15 


039 


-0 


643 


19 


16 


06 





+10 


27 


35 






I 


G045. 685-0. 236 


15 


685 


-0 


236 


19 


15 


51 


7 


+11 


13 


12 






IB 


G045. 770-0.372 


45 


770 


-0 


372 


19 


16 


30 


7 


+11 


13 


55 






B 


G046. 017+0. 264 


46 


017 





264 


19 


14 


41 





+11 


44 


50 






PS 


G046. 087+0. 254 


46 


087 





254 


19 


11 


51 


2 


+11 


48 


15 






c 


G046.176+0.536 


46 


176 





536 


19 


13 


60 





+12 


00 


50 






B 


G046.203+0.535 


46 


203 





535 


19 


14 


03 


5 


+12 


02 


13 






IB 


G046.213+0.548 


16 


213 





548 


19 


11 


01 


7 


+12 


03 


10 






IB 


G047.094+0.492 


47 


094 





492 


19 


15 


54 


6 


+12 


48 


24 


ND 




B 


G047. 100+0.480 


47 


100 





480 


19 


15 


57 


8 


+12 


48 


21 


ND 




C 


G049.738-0.616 


19 


738 


-0 


616 


19 


25 


03 





+14 


37 


11 






B 


G050.039-0.274 


50 


039 


-0 


274 


19 


24 


23 


5 


+15 


02 


49 




13 


(N104) 


G050.489+0.993 


50 


489 





993 


19 


20 


38 


2 


+16 


02 


29 






BB 


G050.785+0.168 


50 


785 





168 


19 


24 


14 


6 


+15 


54 


48 




13 


(N106) 


G051. 402-0.890 


51 


402 


-0 


890 


19 


29 


20 


1 


+15 


57 


07 






B 


G052. 201+0.752 


52 


201 





752 


19 


24 


53 


7 


+17 


26 


15 






B 


G052.259+0.700 


52 


259 





700 


19 


25 


12 


1 


+17 


27 


48 






B 


G052.397-0.580 


52 


397 


-0 


580 


19 


30 


11 


5 


+16 


58 


27 






IB 


G055. 159-0.298 


55 


159 


-0 


298 


19 


34 


45 


7 


+19 


31 


46 


41.1 




C 


G059.603+0.911 


59 


603 





911 


19 


39 


34 


8 


+23 


59 


47 


36.9 




B 


G063. 137+0.252 


63 


137 





252 


19 


19 


56 





+26 


43 


39 






IB 



a From lBronfman et ah | lll996l) ; "ND" means observed CS positions that lack emission. 

b Morphological source structure classification based on Spitzer GLIMPSE 8/im images: 
B — Bubble: 8 /im emission surrounding 24 fim and radio continuum emission 

BB — Bipolar Bubble: two bubbles connected by a region of strong IR, and radio continuum emission 

PB — Partial Bubble: similar to "B" but not complete 

IB — Irregular Bubble: similar to "B" but with less well-defined structure 

C - Compact: resolved 8 lira emission with no hole in the center 

PS - Point Source: unresolved 8 fira emission 

I — Irregular: complex morphology not easily classified 
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Wc list in parenthesis the bubble identification name for sources in the lChurchwell et al.l <200d) IR 
bubble catalog. 
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Table 2. Arecibo HRDS Hydrogen Recombination Line Parameters 



Name 


t 


b 


T L 




AV 


aAV 


Vlsr 




rms 




(deg) 


(deg) 


(mK) 


(mK) 


( km s _1 ) 


( km s -1 ) 


( km s -1 ) 


(kms" 1 ) 


(mK) 


r^AQ/i c;m i n o/i/i^. 


q a c^ni 
o4.oyi 


C\ OA A 
U.Z44 


A K 
4.0 


n a 
U.4 


17 A 

1 / .u 


i £; 

l.O 


Kft ft 
oo.o 


A 7 

U. ( 


1 o 
l.Z 


LrUo4.oy 1+U.Z44D 


q a crni 
o4.oyi 


n OA A 
U.z44 


Q Q 
O.O 


n q 
U.o 


ZO.4 


i 1 
i.i 


1 O A 

— iy.4 


A c; 
U.O 


1 O 
l.Z 


pnoc; nnn n oaq 

CjUoo.uyy~u.z4o 


35.099 


—0.243 


7 a 
l.O 


0.3 


25.8 


1.2 


CO A 

oo.4 


0.5 


1.8 


Pnifi Q/i7 i n A/io 

LrUo0.o4 / +U.U48 


Qft Q /I 7 
00.04 ( 


U.U4o 


O.O 


n a 
U.4 


oft c; 

ZD.O 


1 A 
1.4 


7ft A 

/o.y 


A ft 
U.O 


Q 1 
Z. 1 


f^AQft nnft n oqi 
LrUoo.yyD— U.zol 


Qft nrifi 

oo.yyo 


n oqi 
—U.zol 


01 1 
Zl. ( 


a ft 
U.O 


QQ A 
ZO.U 


a n 

u.y 


70 7 

/ y. / 


A A 

U.4 


Q 1 
Z. 1 


LrUo / .4oo— U. lUo 


07 /I ftO 

o / .4oo 


nine; 
— U. lUo 


oc; 7 
ZO. / 


U.O 


QQ A 
ZO.U 


A ft 

U.o 


KQ 7 
OO. / 


A Q 

U.o 


Q Q 
O.O 


PHQ7 /IAQ i n crorir, 

CjUo / .4yo+u.ooUa 


o / .4ys 


n etq a 
U.OoU 


ft a 
o.u 


A Q 

U.o 


i ft ft 

lO.O 


A O 

u.y 


A 7 1 
4 / . 1 


A A 

U.4 


1 c; 
l.O 


LxUoY .4yo+U.0oUb 


Q7 /ino 
o / .4yo 


0.530 


6.0 


0.2 


26.4 


1.2 


11.6 


A c: 
U.O 


1.5 


f^AQO QE^Q n 1 Q/1 

LtUoo.oOo— U. lo4 


00.000 


n i Q/i 
— U. lo4 


i a a 
14.0 


a ft 
U.o 


A Q Q 

4o.z 


q n 
z.U 


7A K 
/U.O 


A Q 

U.o 


i n 

i.y 


r~TiQO 1 nc; i n ooft 
LrUoy. lyo+U.ZZO 


oy. iyo 


n ooft 

U.ZZO 


1 1 ft 
11. D 


A c; 
U.O 


07 n 

z / .y 


1 Q 
l.O 


Q1 ft 
— Zl.O 


A ft 
U.O 


Q 1 

z. 1 


nnofi ft7Q n /ic;c 
LrUoy.D/z— U.4oo 


39.672 


—0.458 


A K 

4.0 


A A 
U.4 


20.2 


Q A 
Z.4 


1/17 

14.7 


1.0 


1 A 

1.4 


r^A/ii 1 qo i n ioc 
LrU41. loZ+U. Izo 


A 1 1 QQ 

41. loz 


n i oo 
U. Izo 


o 

o.y 


A Q 
U.O 


QQ A 

zo.4 


1 1 
1. / 


ftO ft 
OZ.O 


A 7 

U. ( 


1 A 

1.4 


LrU41.1oz— U.ooo 


41.132 


—0.558 


5.6 


0.2 


25.3 


0.9 


65.5 


A A 

U.4 


1.3 


f^A/ii ftt;o n m n 

LrU4i.Doy— u.uiy 


/1 1 fte; A 

4i.ooy 


— u.uiy 


ft A 
0.4 


A Q 
U.O 


17 n 

i / .y 


A O 

u.y 


1 Q 7 

lo. ( 


A A 

U.4 


1 A 

1.4 


f^A/ii 701 n nrifi 
LrU41. / zl— U.UUO 


/I 1 701 
41. ( Zl 


— U.UUo 


7 Q 
1 .O 


A A 

U.4 


QO ft 
OZ.O 


Q Q 
Z.O 


A Pi Q 

4o.z 


a n 

u.y 


1 Q 
l.O 


A/i i ooi i n /Ioq 
LrU41.5ol+U.4yo 


41.881 


0.493 


8.6 


0.2 


31.6 


1.1 


16.1 


A A 

U.4 


1 7 
1. / 


r" 1 a /i q nn^ n ccnu 
LrU4o.Uyb— U.oUo 


43.096 


—0.503 


9.6 


0.3 


23.0 


1.0 


53.1 


A A 
U.4 


1.5 


f^A/IQ 7QQ i n 11/1 

LrU4o. / oo+U. 114 


A Q 7QO 

4o. / oo 


U. 114 


Q Q 
O.O 


A Q 
U.O 


QO A 


a n 

u.y 


( 0. 1 


A A 

U.4 


1 7 
1. ( 


f^A/it; aqo n ft/iQ 
LrU4o.Uoy— U.04o 


/I c; AQA 
4o.Uoy 


— U.04o 


Q 1 
O. ( 


A Q 
U.O 


OA ft 
Z4.0 


a n 

u.y 


ft 1 Q 
01. 


A A 

U.4 


1 Q 
l.O 


f^A/it; ftoe; n oqc 
CjrU4o.Doo— U.zoo 


40.0O0 


n OQK 
— U.zoo 


Q A 

o.4 


A Q 
U.O 


Q A A 

o4.U 


1 Q 
l.O 


1 O 1 

iy.i 


A K 
U.O 


1 ft 
l.O 


G045. 770-0.372 


45.770 


-0.372 


11.7 


0.6 


15.1 


0.9 


51.0 


0.4 


1.9 


G046.017+0.264 


46.017 


0.264 


6.8 


0.3 


85.2 


4.4 


23.2 


1.7 


2.2 


G046. 087+0.254 


46.087 


0.254 


7.6 


0.3 


17.0 


0.9 


13.4 


0.4 


1.8 


G046. 176+0.536 


46.176 


0.536 


10.2 


0.2 


24.8 


0.6 


6.3 


0.2 


1.2 


G046. 203+0.535 


46.203 


0.535 


8.5 


0.6 


15.7 


1.2 


2.1 


0.5 


1.9 


G046. 213+0.548 


46.213 


0.548 


5.5 


0.2 


26.3 


1.3 


5.8 


0.6 


1.4 


G047.094+0.492 


47.094 


0.492 


6.9 


0.3 


24.8 


1.3 


-54.5 


0.5 


1.4 


G047. 100+0.480 


47.100 


0.480 


5.3 


0.2 


31.6 


1.7 


-56.9 


0.7 


1.4 


G049.738-0.616 


49.738 


-0.616 


7.1 


0.3 


23.9 


1.2 


62.4 


0.5 


2.1 


G050.039-0.274 


50.039 


-0.274 


5.8 


0.4 


22.7 


1.7 


60.9 


0.7 


1.9 


G050.489+0.993 


50.489 


0.993 


9.2 


0.3 


25.9 


1.1 


57.1 


0.5 


1.5 


G050.785+0.168 


50.785 


0.168 


10.5 


0.4 


25.8 


1.2 


47.3 


0.5 


2.1 


G051.402-0.890 


51.402 


-0.890 


11.2 


0.8 


20.5 


0.2 


72.8 


0.7 


3.5 


G052. 201+0.752 


52.201 


0.752 


46.1 


0.5 


19.0 


0.2 


8.7 


0.1 


1.6 


G052.259+0.700 


52.259 


0.700 


26.5 


0.4 


20.0 


0.4 


7.4 


0.1 


1.9 


G052. 397-0.580 


52.397 


-0.580 


7.0 


0.4 


27.4 


2.3 


67.2 


0.8 


1.9 


G055. 159-0.298 


55.159 


-0.298 


6.8 


0.4 


25.3 


1.7 


33.7 


0.7 


1.7 


G059.603+0.911 


59.603 


0.911 


8.9 


0.3 


34.1 


1.6 


47.3 


0.6 


2.1 


G063. 137+0.252 


63.137 


0.252 


4.2 


0.4 


18.7 


1.8 


17.1 


0.8 


1.3 
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Table 3. Targets not Detected in RRL Emission 



N 3,111 c 


; 


l 




Morphology a 




(dcg) 


(deg) 






G031. 727+0.699 


31.727 


0.699 


2.0 


B 


G034.047+0.139 


34.047 


0.139 


2.3 


PB 


G037.319+0.162 


37.319 


0.162 


2.2 


C 


G038.906-0.437 


38.906 


-0.437 


2.4 


B (N74) 


G038.977-0.269 


38.977 


-0.269 


2.1 


I 


G039.271+0.347 


39.271 


0.347 


1.9 


C 


G039.506-0.280 


39.506 


-0.280 


2.2 


C 


G040.017-0.119 


40.017 


-0.119 


2.0 


c 


G040.422-0.039 


40.422 


-0.039 


2.6 


B (N77) 


G041. 229+0.170 


41.229 


0.170 


2.2 


B 


G044.244-0.129 


44.244 


-0.129 


1.9 


B 


G044.353+0.443 


44.353 


0.443 


2.2 


I 


G044.775-0.548 


44.775 


-0.548 


3.7 


B (N93) 


G046.060+0.220 


46.060 


0.220 


2.8 


I 


G047.183+0.317 


47.183 


0.317 


2.0 


1 


G050.900+1.056 


50.900 


1.056 


1.8 


1 


G056.252-0.160 


56.252 


-0.160 


2.7 


C 


G056.255-0.099 


56.255 


-0.099 


2.8 


1 


G057.469+0.304 


57.469 


0.304 


1.9 


IB 


G058. 121+0.911 


58.121 


0.911 


1.9 


C 


G058.606+0.620 


58.606 


0.620 


1.5 


PB 


G059.607+0.310 


59.607 


0.310 


2.8 


IB (N126) 


G059.885+0.759 


59.885 


0.759 


2.2 


B 


G060.653-0.016 


60.653 


-0.016 


1.9 


PB (N127) 


G062. 370-0.540 


62.370 


-0.540 


2.0 


PB (N130) 


G062. 723+0.619 


62.723 


0.619 


1.7 


IB 



a Source structure classification as in Table [T] 
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Table 4. Comparison of Arecibo and GBT HRDS RRL Parameters 



Name 


Telescope a 


T L 




AV 


crAV 


Vlsr 




rms 






mK 


mK 


km s _1 


kms -1 


kms -1 


kms -1 


mK 


G034.133+0.471 


AO 


109.9 


0.5 


25.9 


0.1 


35.0 


0.1 


2.8 




GBT 


117.1 


0.1 


25.7 


0.1 


34.6 


0.1 


2.3 


G039.883-0.346 


AO 


98.0 


0.4 


33.3 


0.2 


58.8 


0.1 


1.8 




GBT 


62.2 


0.1 


32.2 


0.1 


58.9 


0.1 


2.7 


G052. 160+0.706 


AO 


13.3 


0.5 


29.0 


1.4 


8.2 


0.5 


1.8 




GBT 


14.0 


0.4 


25.7 


0.4 


7.9 


0.4 


2.8 


G061. 720+0.864 


AO 


14.1 


0.4 


33.8 


1.0 


-73.4 


0.4 


1.9 




GBT 


18.6 


0.1 


27.6 


0.1 


-75.2 


0.1 


1.9 



a AO = Arecibo Observatory; GBT = Green Bank Telescope 
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Table 5. Arecibo HRDS Kinematic Distances 



Name 




Vtp 


D N 


D F 


N/F 


D Q 


CD 


Rgal 


z 


Notes a 




( km s _1 ) 


( km s _1 ) 


(kpc) 


(kpc) 




(kpc) 


(kpc) 


(kpc) 


(PC) 




G034.591+0.244 


-19.4 


93.5 




16.1 


F 


16.1 


1.1 


10.3 


68.5 


Outer 


G036. 996-0.231 


79.7 


86.5 


5.5 


8.1 


T 


6.8 




5.3 


-27.4 


TP 


G037.468-0.105 


58.7 


85.2 


3.9 


9.6 


F 


9.6 


0.5 


5.9 


-17.6 


W47 Complex 


G039. 195+0.226 


-21.6 


80.3 




15.4 


F 


15.4 


1.1 


10.3 


60.5 


Outer 


G041. 132-0.558 


65.5 


74.9 


4.7 


8.1 


T 


6.4 




5.9 


-62.3 


TP 


G041.881+0.493 


16.1 


72.9 


1.1 


11.6 


F 


1.1 


0.1 


7.7 


9.1 


HI E/A 


G043. 738+0.114 


73.1 


68.0 


6.1 


6.1 


T 


6.1 




5.9 


12.2 


TP 


G045.039-0.643 


61.3 


64.6 


4.9 


7.1 


T 


6.0 




6.1 


-67.3 


TP 


G046. 176+0.536 


6.3 


61.7 


0.3 


11.5 


F 


11.5 


0.7 


8.3 


107.2 


G46 Complex 


G046.203+0.535 


2.1 


61.6 




11.8 


F 


11.8 


0.8 


8.5 


109.9 


G46 Complex 


G046.213+0.548 


5.8 


61.6 


0.3 


11.5 


F 


11.5 


0.8 


8.3 


109.8 


G46 Complex 


G047.094+0.492 


-54.5 


59.4 




17.5 


F 


17.5 


1.4 


13.2 


150.2 


Outer 


G047. 100+0.480 


-56.9 


59.4 




17.8 


F 


17.8 


1.5 


13.6 


149.4 


Outer 


G049. 738-0.616 


62.4 


53.0 


5.5 


5.5 


T 


5.5 




6.5 


-59.1 


TP 


G050.039-0.274 


60.9 


52.3 


5.5 


5.5 


T 


5.5 




6.5 


-26.1 


TP 


G050.489+0.993 


57.1 


51.2 


5.4 


5.4 


T 


5.4 




6.6 


93.7 


TP 


G050.785+0.168 


47.3 


50.6 


4.2 


6.5 


T 


5.4 




6.7 


15.7 


TP 


G051.402-0.890 


72.8 


49.1 


5.3 


5.3 


T 


5.3 




6.6 


-82.4 


TP 


G052.201+0.752 


8.7 


47.3 


0.5 


9.9 


F 


9.9 


0.8 


8.2 


130.1 


HIE/A; G52 


G052.259+0.700 


7.4 


47.2 


0.4 


10.0 


F 


10.0 


0.8 


8.3 


122.2 


HIE/A; G52 


G052.397-0.580 


67.2 


46.9 


5.2 


5.2 


T 


5.2 




6.7 


-52.5 


TP 


G055. 159-0.298 


33.7 


40.9 


3.0 


6.7 


T 


4.9 




7.2 


-25.2 


TP 


G063. 137+0.252 


17.1 


25.9 


1.6 


6.1 


T 


3.8 




7.9 


16.9 


TP 



a "TP" = Tangent point distance; "Outer" = Outer Galaxy 



